
computationally much harder. Finding an 
assignment that falsifies the minimum num- 
ber of clauses is like finding the ground state 
in a spin glass phase and does not reduce to 
a single search on the directed graph of 
(14). For 2-SAT, in fact, finding such 
"ground states" is NP-hard (1 3). Therefore, 
if both diverging correlations (diverging in 
size if no lengths are defined) and a " s ~ i n  - 
glass" phase occur, we expect search to be 
exponentially difficult. 
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Langmuir-Blodgett Films of a Functionalized 
Molecule with Cross-Sectional Mismatch 

Between Head and Tail 

J. Garnaes, N. B. Larsen, T. Bjlzrrnholm,* M. Jlzrrgensen, K. Kjaer, 
J. Als-Nielsen, J. F. Jlzrrgensen, J. A. Zasadzinski 

A functionalized surfactant has been investigated as floating monolayers by synchrotron 
x-ray diffraction and as bilayers transferred to solid supports by the Langmuir-Blodgett 
technique through atomic force microscopy. The transfer process is accompanied by an 
increase of the unit cell area (about 17 percent) and by an increase of the average domain 
diameter of nanometer-scale domains (about three times). The unit cell area of the floating 
monolayer corresponds to close packing of the head groups and a noncharacteristic 
packing of the tilted alkyl chains. The larger unit cell area of the bilayer film is consistent 
with a particular ordered packing of the alkyl chains, leaving free space for the head groups. 

A s  a means of organizing complex mole- 
cules, the Langmuir-Blodgett (LB) tech- 
nique ( I )  has many potential applications 
within molecular electronics, nonlinear op- 
tics, and conducting thin films (Fig. 1). In 
this context, the structural properties of the 
LB films may have important consequences 
for applications; for example, the number of 
defects may limit electrical contact, while 
the degree of order and the sizes of domains - 
may limit, for example, the conductivity. 
In addition, changes of these properties 
may occur when the floating monolayers are 
transferred to solid substrates. By the com- 
bination of x-ray diffraction (XRD) of float- 
ing monolayers with atomic force microsco- 
py (AFM) of films transferred to solid sup- 
ports, it is possible to reveal these features. 

Because molecules with relatively large 
head groups, compared to alkyl chains, are 
often used in functionalized LB films (Fig. . - 
I), the design of the functional organic 
molecules reauires an understanding of the - 
packing properties of molecules with a 
"cross-sectional mismatch" between head 
and tail groups. As an example of such a 
molecule, we present a structural study 
performed of both a floating monolayer and 
a bilayer transferred to a solid substrate. 
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The particular molecule in question is an 
electron acceptor, octadecylthio-l,4-ben- 
zoquinone (Fig. 1E) , which forms nonlinear 
optical films when interfaced with electron 
donor molecules (2, 3). 

Previous comparative studies of floating 
monolayers and transferred multilayers 
have focused on fatty acids and similar types 
of compounds that have head and tail 
groups of similar cross-sectional size. Such 
compounds have been extensively studied 
by XRD in situ at the water surface (4-9) 
and by AFM (1 0-1 3) and electron diffrac- 
tion (14) as transferred multilayers. These 
studies have in many cases revealed highly 

Fig. 1. Molecules used in LB films in different 
areas of research. (A) Fatty acids (26) have 
been the prototype for structural studies of LB 
films. Opposed to fatty acids, a large head 
group is common for electronically active mol- 
ecules. The functionalized molecules given in 
this table have been used for (B) electrical 
rectification (27), (C) conduction/redox activity 
(28), (D) nonlinear optics (29), and (E) redox 
activity such as electron acceptor (2, 3, 20). 
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ordered structures extending for several mi- 
crometers in the films. 

A study of the two-dimensional packing 
pattern of a floating monolayer of the ac- 
ceptor was performed by synchrotron XRD 
(1.5). A solution of the acceptor in CHC1, 
was spread on a pure water surface followed 
by compression at a slow rate to a surface 
'pressure of 20 mN/m (1 6), which is about 
one-half of the collapse pressure as well as 
the Dressure used for transfer of films. This 
surface pressure was kept constant during 
the x-ray measurements. A beam of wave- 
length 0.1351 nm was incident slightly 
below the critical angle for total reflection. 
Detection of both the horizontal and verti- 
cal components of the diffracted beam was 
done by a vertically oriented position-sen- 
sitive detector (PSD) . 

Changes over time in the molecular - 
ordering were investigated by performing 
the diffraction measurements in two steps. 
A fast scan of the horizontal angle with 
integration of all channels in the PSD for 
each angle was performed to probe the unit 
cell parameters, followed by a slower scan 
with individual PSD channels resolved to 
probe both the unit cell parameters and the 
conformation of the molecules. The results 
of the slow diffraction scan integrated over 
the PSD channels corresponding to each 

Fig. 2. Results of the slow grazing angle XRD 
scan for the three peaks measured (lattice 
indices are given above each graph). Measure- 
ments are given by crosses, and the solid lines 
are fitted curves. (A) The scattered intensity as 
a function of the horizontal component, Q,,, of 
the scattering vector for each peak integrated 
over the channels of the PSD that make contri- 
butions to the peak. (B) The scattered intensity 
as a function of the vertical component, Q,, of 
the scattering vector integrated over the hori- 
zontal scattering vectors of the corresponding 
peak in (A). 

peak are shown in Fig. 2A. Curve-fitting of 
the peaks of the slow scan gives d spacings 
of 0.553, 0.413, and 0.368 nm (domain 
diameters of 3.3, 3.0, and 3.6 nm for 
perfectly ordered domains) for the {lo), 
{Ol), and (11) directions, respectively, to 
yield an oblique unit cell (Fig. 3A) (Table 
1). For comparison, curve-fitting of the 
corresponding three peaks of the first (fast) 
scan gives d spacings of 0.549, 0.416, and 
0.362 nm (domain diameters of 3.5, 3.3, 

4 
and 8.6 nm). The difference in domain 
diameters for the two scans along the (11) 
direction indicates that some disordering 
takes dace during the diffraction scans - 
(about 4 hours), but without significant 
changes of the unit cell parameters. 

Bragg rod scans (17) of each of the 
measured peaks integrated over the angular 
width of the peak are shown in Fig. 2B. The 
three Bragg rods were compared to a model 
that describes the diffractine Dart of each - .  
molecule as a long narrow cylinder (1 7). 
The fitting of the model parameters gives a 
cylinder of length 1.7 2 0.2 nm tilting by 
39" 2 2" in a direction 3 lo 2 1" away from 
the [lo] direction toward the [IT] direction 
(Fig. 3A). The cylinder description fits 
approximately with the alkyl chain of all- 
trans length ~ 2 . 2  nm, where we attribute 
the difference in length to a decrease in 

Fig. 3. (A) A schematic diagram of the one 
molecular oblique unit cell in the plane of the 
water surface or the bilayer substrate. The 
unit-cell parameters are given in Table 1. The 
dashed line shows the approximate orientation 
of the projection of the alkyl chain on the water 
subphase. The head-group orientation has not 
been determined in the experiments. (B) 
Space-filling model of two molecules of octade- 
cylthio-l,4-benzoquinone arranged in the 
packing pattern ~[1:,0] with bond lengths and 
angles obtained with the molecular mechanics 
program PC Model 4 (Serena Software, Bloom- 
ington, Indiana). 

order of the alkyl chain close to the head 
group or close to the film-air interface. 

For comparison of the above results with 
transferred LB films, a bilayer of the accep- 
tor was prepared. Bilayers of the acceptor 
deposited on silicon have been found to 
crystallize very easily (1 8). To prevent crys- 
tallization and thus retain the two-dimen- 
sional structure of the LB film, a bilayer of 
the acceptor was prepared on top of a 
bilayer of cadmium behenate deposited on a 
polished and cleaned hydrophobic silicon 
wafer (1 9, 12, 20). A study of the surface 
structure of the transferred film was per- 
formed with AFM (21). Imaging of the 
molecular order was done by measurement 
of the z deflection of the cantilever when 
the sample was scanned at constant height 
("force mode"). Imaging of nanometer- 
scale topography, such as steps, was done by 
adjustment of the sample height to keep the 
cantilever deflection constant ("height 
mode"). A repulsive force less than 10 nN 
was used for imaging. 

Images of the nanometer-scale topogra- 
phy of the bilayer of the acceptor showed 
flat and defect-free areas typically > 20 p,m2 
(Fig. 4a). When a force larger than 10 nN 
was used, holes could actively be formed in 
the LB film. From a height histogram (inset 
of Fig. 4a) and molecular resolved images 
(Fig. 4b) we could unambiguously identify 
the top layer, with a measured height of 4.5 
2 0.2 nm (20), as a bilayer of the acceptor 
and the bottom laver as a bilaver of cadmi- 
um behenate, where we used a value for the 
height of 6.04 nm from XRD (1 ). - . , 

Zooming in on the topmost acceptor 
layer revealed the molecular order (Fig. 
4b), yielding unit cell parameters given in 
Table 1 and Fig. 3A. A scan area of 31 by 
31 nm2 where five domains with different 
orientations are present is shown in Fig. 4c. 

Table 1. Comparison of structural data for 
floating monolayers (surface pressure of 20 
mN/m) and bilayer LB films (transfer pressure 
of 20 mN/m) of the acceptor. Unit cell dimen- 
sions refer to Fig. 3A. 

Floating 
Parameter monolayers LBfilms ' 

Unit-cell dimensions 
a (nm) 0.560 k 0.005 0.587 2 0.010 
b (nm) 0.419 k 0.005 0.456 + 0.008 
-y (degrees) 80 ? 1 82.3 2 1.C" 
Area (nm2) 0.231 k 0.007 0.265 + 0.008 

Other dimensions 
Tilt angle of 39 2 2 

alkyl chains 
(degrees) 

Thickness of 4.5 2 0.2 
bilayer 
(nm) 

Domain 3 10 to20 
diameter 
(nm) 
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Scan areas >200 nm2 on more than 15 ments of close-packed arrays of alkanes have 
places showed two or several domains with been studied theoretically (22, 23), giving 
different orientations. From the images, we rise to a set of arrangements in fair agree- 
have estimated that >90% of the surface ment with measured crystal structures of 
was covered by domains with a diameter of undistorted alkanes (24,25). On the basis of 
10 to 20 nm. The widths of s ~ o t s  in the the deduced direction of the tilt relative to 
Fourier transformation have been analyzed, 
showing that the domains are perfectly 
ordered within experimental accuracy. A 
comparison of structural data for floating 
monolayers and LB films (Table 1) shows 
that the transfer of a bilayer of the acceptor 
results in a 17% ex~ansion of the unit cell 
area. This expansion occurs along both 
crystallographic directions, rendering the 
angle of the oblique unit cell unchanged. 

In crystals of the benzoquinone head 
group of the acceptor, the area of the group 
projected to the horizontal plane has been 
shown to be =0.23 nm2 (22). In the Dres- . , 

surized films floating on water, this value 
corresponds to the observed area per mole- 
cule, indicating that the head groups are 
space-limiting and close-packed. To com- 
pensate for the discrepancy in cross-sectional 
area between the close-packed head groups 
(20.23 nm2) and close-packed alkyl chains 
(20.185 nm2), the chains must tilt. A 
simple space-filling argument based on the 
measured lattice parameters suggests a tilt 
angle of =37", in agreement with experi- 
mental results. The possible tilted arrange- 

the unit cell vectors in floating monolayers 
of the acceptor, the packing of the alkyl 
chains does not fall into one of these char- 
acteristic arrangements. 

Previous experience with AFM on fatty 
acids shows that imaging with molecular 
resolution is only possible when the alkyl 
chains are fixed in a rigid regular lattice 
(I I, 12). Because the observation of per- 
fectly ordered domains of the bilayer is 
possible with the AFM, we assume that the 
alkyl chains are fixed in such a lattice. If the 
lattice is to be space-filling with a molecular 
area of 20.27 nm2, the tilt angle of the 
alkyl chains must be =46". On the basis of 
the characteristic packing patterns for al- 
kanes calculated by Kitaigorodskii (22, 23), 
we can calculate unit cell parameters for the 
packing pattern ~[1:,0] shown in Fig. 3B of 
a = 0.45, b = 0.56 nm, and y = 80°, with 
the alkyl chain tilting by 44" toward the 
next nearest neighbor. The agreement of 
these unit cell parameters with experimen- 
tal results is good, making it a likely ar- 
rangement of the bilayer. Compared to the 
floating monolayer, this arrangement indi- 

area- Areas marked 
with " A  indicate the 
height density due to 
the surface of the ac- 
ceptor, " F  the cadmi- 
um behenate, and "S" 
the silicon substrate. 
(b) AFM image (14.1 
nm by 14.1 nm) show- 
ing molecular resolu- 
tion of the surface of the 
acceptor. The inset 
shows a Fourier trans- 
formation of the image. 
The reciprocal lattice vectors are marked. The horizontal and vertical lines through the center and 
the strong spots are noise due to the raster scanning and the finite image size. Only the long repeat 
distance corresponding to (10) is clearly seen in the real-space image. (c) AFM image (31 nm by 
31 nm) showing the molecular resolution of five domains with different crystallographic orientations. 
The domains are marked with numbers from 1 to 5 and lines along rows of molecules spaced by 
0.59 nm are drawn in each domain. The boundaries and rows of molecules can be identified in the 
view of a grazing angle along the lines. (d) Fourier transformation of the image in (c). The arrows 
point toward the (10) spots caused by the five different domains. The other and weaker spots 
present in Fourier transformation in (b) are not seen on this larger scan area. 

cates changes not only in the area per 
molecule but also in the tilt direction of the 
alkyl chains, allowing them to organize in a 
more stable arrangement. 

The direct imaging of domains in the 
bilayer of the acceptor (Fig. 4c) provides 
information about the potential application 
of this molecule in functionalized LB films. 
For example, conduction in films incorpo- 
rating the acceptor is likely limited by 
domain boundaries. Optical properties may 
also be influenced by the presence of highly 
ordered domains of submicrometer dimen- 
sions. On LB films of salts of fatty acids, the 
reeular lattice structure of the untilted mol- - 
ecules is preserved as close as 1 nm from the 
boundaries (1 0). On 'the images of the 
acceptor, the domain boundaries are not 
sharp and consist of regions without order 
with a typical width of 2 to 5 nm. The 
disruption of the ordered packing is proba- 
blv due to different tilt directions of neieh- - 
boring domains. These disordered domain 
boundaries further reduce the possibility of 
making conducting films on the basis of the 
acceptor. The observed average domain 
diameter is significantly larger in the bilayer 
(=I5 nm) than in the floating monolayer 
(=3 nm). This result suggests that the 
pressurized floating monolayer is in a 
strained state at the time of transfer because 
of the cross-sectional mismatch between 
head and tail. This strain is released upon 
transfer, allowing the alkyl chains to pack 
in a pattern typical for alkanes. 

The nanometer-scale topography of the 
acceptor surface is similar to the topography 
found on the etched silicon substrate. 
which suggests that the surfaces of both the 
cadmium behenate and the acceptor follow 
the contours of the substrate. On a larger 
scale, Fig. 4a shows that the largest areas 
free of point defects are on the order of 20 
pm2, which sets an upper limit for the size 
of electrical contact that can be made to a 
defect-free area. 

These results show that the competition 
between packing of head groups and alkyl 
chains has important consequences for the 
microsco~ic structure of LB films and the size 
of ordered domains. Depending on the de- 
tails of the application of the functionalized 
surfactant, these structural factors may be 
important, stressing the need for an accurate 
design of the molecules. For the evaluation 
of different concepts of molecular design for 
optimized LB films, the combination of syn- 
chrotron XRD and atomic force microscopy 
constitutes an efficient tool. 
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Evidence for Monophyly and Arthropod Affinity of 
Cambrian Giant Predators 

Jun-yuan Chen, Lars Ramskold,* Gui-qing Zhou 
The Chinese Early Cambrian Chengjiang fauna includes three different anomalocaridids, 
a globally spread, extinct marine group including the largest known Cambrian animals. 
Anomalocaridids were active predators, and their presence implies that a complex eco- 
system appeared abruptly in the earliest Phanerozoic. Complete specimens display sev- 
eral sets of characters shared only with some other exclusively Cambrian forms. This 
evidence indicates that anomalocaridids, Opabinia, and Kerygmachela form a monophy- 
letic clade. Certain features indicate arthropod affinities of the clade, and for this group an 
unnamed (sub)phylum-level taxon within an arthropod (super)phylum is proposed. 

T h e  rapid diversification of animal life near 
the base of the Phanerozoic Eon is unparal- 
leled in the history of life, but researchers are 
far from reaching a consensus on the origin 
of animal ~ h v l a  or how thev are related. This 
early radktion of the ~ e t a z o a  produced 
perhaps all animal phyla extant today and 
some additional, extinct groups. In this re- 
port we discuss one such group, composed of 
large predators. Their presence in the Early 
Cambrian is important for the understanding 
of early metazoan evolution, trophic levels, 
and life habits. The diversity of the group 
im~lies that considerable evolution took 
place during a time interval even shorter (1) 
than previously suspected. This pattern par- 
allels that of other Early Cambrian groups 
and is at the heart of two questions: the 
"Cambrian explosion" and the early evolu- 
tion of the largest animal group on Earth, 
the arthro~ods. 

L - 

Fossils usually preserve only hard or min- 
eralized Darts. and as most earlv metazoans . r 

lack such parts, the rare early Palaeozoic 
occuirences of soft tissue oreservation are 
crucial for our knowledge of metazoan early 
evolution. For 75 years the Canadian Mid- 
dle Cambrian Burgess Shale fauna provided 
most data on soft-bodied animals, but sim- 
ilar preservation is now known to be wide- 
spread in Cambrian rocks (2). An impor- 
tant site was discovered in 1984 (3) in ~, 

Chengjiang, Yunnan, south China, and is 
approximately late Atdabanian (about 525 
to 530 million years old). The Chengjiang 
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fauna (4) may have lived only 5 million 
years (1) after the "Cambrian explosion" 
began at the onset of the Tommotian age. 
The superb preservation and high diversity 
(5) (now close to 100 known species) equal 
those of the Burgess Shale fauna which is 
- 10 million years younger. 

Mineralized parts in both metazoans, 
protists and cyanobacteria ( 6 ) ,  as well as a 
diverse macrofauna producing varied trace 
fossils (7), appear abruptly close to the 
Precambrian-Cambrian boundary. This ma- 
jor diversification of life forms is known as 
the "Cambrian explosion." The biotic sys- 
tem appears to have quickly reached a level 
of complexity not far from that present in 
modem oceans. As today, suspension feed- 
ing and deposit feeding were the dominant 
means of primary consumption (8). As long 
as evidence to the contrary was lacking, 
macrophagous predators were thought to 
have evolved much later in the Cambrian. 
With the redescription of the Burgess Shale 
fauna, several such predators were recog- 
nized (9-1 1). These predators occupied a 
primary level, but A n m l o c a r i s  also pos- 
sessed at least the size and physical ability to 
exploit a secondary level. 

Our excavations of 1990-92 at 
Chengjiang yielded fossils of giant predators 
of three different kinds, including con~plete 
specimens of A m l o c a r i s  and a related 
form. A m l o c a r i s  was initially described 
on the basis of isolated frontal appendages. 
These, the disassociated jaws, and a body 
found later were interpreted as three sepa- 
rate animals until such parts were found 
together in a nondisarticulated specimen 
from the Burgess Shale (1 2). However, this 
Anomlocaris canadensis specimen lacked 
the posterior part. A tapering, blunt body 
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